The aim of this study is to investigate the condition of the Ariake Sea, Japan, which has been suffering from severe environmental issues for the past few decades. Water quality data have been generated from several points in this area for over 30 years by the Fukuoka, Saga, Kumamoto, and Nagasaki prefectures. In order to understand the characteristics of this sea, principal component analysis (PCA) was utilized using 11 water quality parameters; transparency, temperature, salinity, dissolved oxygen (DO), chemical oxygen demand (COD), dissolved inorganic nitrogen (DIN), ammonium-nitrogen ( PO -P) and silica. PCA conveyed the amount of nutrients originating from the river, the organic pollution level, and seasonal changes. Subsequently, principal component scores were calculated for each point. It was concluded that the Ariake Sea environment has been affected by two main factors, which are the nutrients from the Chikugo River and anticlockwise tidal residual flow. These two factors must be considered for the environmental restoration of the Ariake Sea.
Introduction
The Ariake Sea is a semi-closed bay located in the Kyushu Island, Japan (Figure 1 ). It is surrounded by the Fukuoka, Saga, Nagasaki, and Kumamoto prefectures and is the biggest bay in the Kyushu Island. Vast quantities of nutrients flow into the sea, and due to its shape the retention period is long. Hence, the Ariake Sea is a homeostatic eutrophic area. Typically, eutrophic areas tend to suffer from the formation of red tides or the appearance of anoxic water mass leading to a decrease of fish production. However, owing to its unique character, the Ariake Sea has not suffered from any of these issues. In fact, seaweed (Nori) aquafarming has been increasing in the Ariake Sea, currently accounting for 40% of the Nori production in Japan. Moreover, because there are large areas of tidal flats (>200 km 2 ), many bivalves inhabit this area; in turn, the Ariake Seahas been renowned for bivalve production. Thus, the Ariake Sea was known for its high biological productivity.
Previously, the Ariake Sea has not suffered from environmental issues, despite the eutrophic nature of the area. However, its environmental deterioration is becoming a serious social problem with the recent occurrence of large red tides. Since 1985, the number of red tide outbreaks has exceeded 20/year. During the period 1998-2002, red tides occurred >30/year. Furthermore, numerous studies have been conducted on large anoxic water mass, which has also become a serious issue in the Ariake Sea [1] - [3] .
More recently, fish conservation has been required in the Ariake Sea. The destabilization of Nori products has also become a serious problem in recent years. The average production value was 20.8 billion yen/year during the period 1978 to 1989. After 1990, the production value varied from 13.1 billion to 23 billion yen/year with few years exceeded the 20 billion yen/year level [4] . Catches of bivalves have been drastically decreasing. The catch of bivalves in the Ariake Sea was 70,000 to 110,000 tons/year during the late 1970s and early 1980s. These values decreased to 50,000 tons/year in 1984 and dropped below 20,000 tons/year in 1998. Now, the catch of bivalves is 1/10 the value during its peak period [5] .
Finding a solution for these issues has become an urgent issue. Thereby, many surveys have been conducted in this area with the purpose of environmental improvement. For instance, the mechanisms of the outbreak of red tides were reported [6] . Continuous measurements have been carried out to elucidate the process of red tides and the formation of oxygen deficient water [7] . In addition, many researchers have constructed numerical models and analyzed the mechanisms of the environmental phenomena [8] - [10] . However, despite the many studies on the environmental condition of the Ariake Sea, the situation has not improved yet.
Recently, methods using multidimensional data analysis are used in environmental studies. Principal component analysis (PCA) is one of the multidimensional data analysis methods that facilitate the interpretation of complex data matrices to better understand water quality and ecological status. It has been used for a number of water-quality improvement related assessments [11] - [13] . This method is especially effective when a substantial quantity of data have been collected for the target area.
The prefectures along the Ariake Sea coast (Fukuoka, Saga, Nagasaki, and Kumamoto) have been surveying more than 10 water quality indicators for over 30 years in a number of stations. Therefore, enormous amounts of data have been stored for this area. However, there few studies have used multidimensional data analysis for the water quality assessment in this area. In this study, enormous quantities of data were analyzed using PCA in order to study the environmental condition of the Ariake Sea.
Materials and Methods

Description of the Study Area
The Ariake Sea is a typical semi-enclosed inner bay located in the Kyushu Island, Japan ( . The Chikugo River is the largest river flowing into the Ariake Sea and its inflow amount accounts for 50% of the overall freshwater inflow. The area of the Ariake Sea is large compared with its depth and width, and its mouth at Kuchinotsu is narrow. Because of this, the oscillation period of the inner bay of the Ariake Sea resonates with the semidiurnal tide in the outer sea [14] . Thus, the Ariake Sea has the largest tidal range in Japan, reaching up to 6 m. Given that the tidal range is so large, over 200 km 2 of tidal flats emerge at the spring ebb tide.
As mentioned previously, the water quality of the Ariake Sea has been measured by prefectures along its coast (Fukuoka, Saga, and Kumamotos) at several stations (Figure 1) . Figure 2 shows the survey results of station F1 from April 1997 to March 2013. Table 1 shows the data provided by the coastal prefectures in the Ariake Sea. 
Principal Component Analysis
Since enormous quantities of data related to water quality of the Ariake Sea have been collected, extracting the environmental characteristics would seem easy. However, as can be seen in Figure 2 and Table 1 , most of the data is raw and it is very difficult to understand the environmental conditions or historical changes with this data. Multidimensional data analysis methods are very useful when large quantities of data need to be analysed for a target area. PCA can provide information on the most meaningful parameters that aid data set interpretation, data reduction, and summarize the statistical correlation among constituents in the water with minimal loss of original in-formation [9] [15] . The first principal component loading represents most of the variance in the observed variables, while each subsequence component explains progressively less variance [16] . PCA is used for understanding the characteristics of water qualities in many fields [17] [18] , and it has provided important information for environment improvement.
In this study, PCA was performed for the 11 variables, mentioned above, at the sampling stations in the Fukuoka, Saga, and Kumamoto prefectures from 1998 to 2013, in order to identify important water quality parameters. The 
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− -P), and silica (Si). Table 2 shows the details of the water quality parameters. Table 3 shows the correlation coefficient of eleven water quality parameters used in the analysis. Salinity had high negative correlation with each nutrient except NH 4 . The nutrients also had high correlations with each other. This means that most of the nutrients, with the exception of NH 4 -N, originate from rivers. DO and COD had high negative correlation (−0.923). This means that DO are consumed during the decomposition of organic matter in the sea. Moreover, it can be said that the amount of DO is insufficient for decomposing organic matter. 3 , and salinity. The second PC was dominated by DO and COD, accounting for 17.7% of the total variance. The third PC explained 9.9% of the total variance and loaded heavily on temperature.
Results and Discussions
As can be seen in Table 2 , PC 1 is related mostly with the nutrients with positive and negative values of salinity. Thus, it can be said that PC 1 explains the nutrient amounts that originate from rivers. PC 2 represents the organic pollution, since it was represented primarily by DO and COD. Given that the third PC was mainly represented by temperature, PC 3 represents the seasonal change. Figure 3 displays the scores for PC 1 at the six stations F4, F7, S1, S3, K1, and K14 (Figure 1 ). According to PC 1, which represents the nutrient amount originating from rivers, the amount of nutrients is higher in summer to fall and lower in winter to spring. Moreover, the nutrient amounts of the inner bay (F4, F7, S1, and S14) are higher than that of the bay month (K1) and center (K14). At station F7, the scores showed the highest value and widest variation. This reveals that the environment of the Ariake Sea is strongly influenced by riverine nutrients, especially from the Chikugo River. Figure 4 shows the time series of the PC 2 scores at six stations. The results of PC 2, which represent the organic pollution level, showed an opposite trend from the ones shown by PC 1; Table 4 . Loadings of the 11 physico-chemical variables for three significant principal components of all survey results. there were low levels during summer to autumn and high levels for winter to spring. The variation in PC 2 showed similar behavior to PC 1, meaning it was high in the inner bay (F4, F7, K1, and K14). For the inner bay trends, the scores for the Fukuoka area (F4 and F7) were lower than that of the Saga area (S1 and S3). This means that the organic pollution is progressing only in the Saga (north-west) section of the Ariake Sea. Figure 5 displays the scores for PC 3 at six stations. According to Figure 3 , the variation in PC 3 is higher in the inner bay (F4, F7, S1, and S3) with distinctive changes observed over the past three years (2010 to 2013). Figure 6 shows the scatter diagram of the PC 1 and 2 scores over the entire time period. Most of the points of the Fukuoka area are distributed in the fourth quadrant where the amount of nutrients inputs from the river is high but the organic pollution level is low. In contrast, the points for the Saga area are distributed in the first quadrant where both the amount of nutrients inputs from the river and level of organic pollution are high. The points for the Kumamoto area are frequently seen in the third quadrant; here the nutrient concentration and organic pollution levels are low.
As discussed, despite the high amount of nutrients from the river in both the Fukuoka and Saga areas, the organic pollution level had different results in each area. This could be explained by the tidal residual flow in the inner bay of the Ariake Sea. According to previous research [19] , tidal residual flow in the Ariake Sea circulates in an anticlockwise direction. Thus, tidal currents enter from the bay mouth and travel through the northeast, the northwest, Isahaya Bay, and back to the entrance. The biggest river, Chikugo River, is located in northeast part of the Ariake Sea. The Chikugo River accounts for 50% of all inflow into the Ariake Sea, and therefore, has a strong influence on the environment. The nutrients from the Chikugo River spread over the inner bay because of the tidal flow. Subsequently, internal production processes use these nutrients up, which results in organic pollution. Due to the anticlockwise tidal residual flow, the nutrients or organic matter finally flow into northwest area. Consequently, the organic pollution level in the northwest area is much higher than in the northeast area. 
Conclusion
In this study, PCA was used to investigate the environmental condition of the Ariake Sea with eleven water quality parameters surveyed from the coastal prefectures. PCA provided three meaningful components, which were the amount of nutrients originating from rivers, organic pollutant levels, and seasonal changes. In conclusion, the two main factors that influence the coastal environment in this sea are the nutrient inflow from rivers, especially from the Chikugo River, and the anticlockwise tidal residual flow in the Ariake Sea. Therefore, in order to improve the environmental condition of this area, these two factors must be considered.
